Background: Two-phonon excitations originating from the coupling of two collective one-phonon states are of great interest in nuclear structure physics. One possibility to generate low-lying E1 excitations is the coupling of quadrupole and octupole phonons. Purpose: In this work, the γ-decay behavior of candidates for the (2 
I. INTRODUCTION
The interaction of the atomic nucleus with an electromagnetic field gives rise to the excitation of various modes of different spin and parity which provide useful information on the nuclear structure. Among them of special importance is the electric dipole (E1) response which is generally dominated by a strong, collective isovector nuclear vibration, the isovector giant dipole resonance (IVGDR) [1] . The IVGDR is classically described by a Lorentzian shape [2] . Recently, in nuclei with neutron excess an additional dipole strength component below and around the neutron threshold was found on top of the low-energy tail of the IVGDR [3] [4] [5] [6] . This mode of excitation is usually denoted as pygmy dipole resonance (PDR) because it resembles a resonance-like accumulation of close-lying J π = 1 − states with similar spectroscopic features [6] . In a simple macroscopic picture, a displacement of center-of-mass and center-ofcharge of the nucleus generates a vibrational motion trying to restore the proton-neutron symmetry. Nowadays, the rapidly increasing number of experiments using different probes and techniques allow for systematic studies * derya@ikp.uni-koeln.de of the PDR over isotopic and isotonic chains from different mass regions [4, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . A close connection between the total PDR strength and the amount of the neutron excess of neutron-rich nuclei which on the other hand is correlated with the neutron skin thickness was proposed [6, [18] [19] [20] . Furthermore, experiments with complementary probes like α-particles at intermediate energy, indicate an isospin splitting of the low-lying 1 − states [21] . Similar to the experimental findings, theoretical models show that at lower energies the E1 strength is predominantly of isoscalar character which gradually becomes more isovector with increasing excitation energy toward the IVGDR [18, 19, [22] [23] [24] [25] [26] .
Various theoretical explanations of the E1 strength below and around the particle-emission thresholds exist. These include the low-energy tail of the IVGDR, PDR [18, 19, 27, 28] , multi-phonon excitations [19, 29] , toroidal modes [23] and α-cluster vibrations [30, 31] . Furthermore, in recent studies it has been pointed out that the interaction between quasiparticles and phonons is important for a correct theoretical description of the low-lying E1 strength because it can influence its fragmentation and mixing with the core polarization and the IVGDR [18, 19, 29, [32] [33] [34] [35] . This affects strongly the electromagnetic strength distribution, which can have further consequences on the dipole polarizability and nucleosynthesis processes [29, 34, 36] .
Of particular interest are low-energy two-phonon states related to the coupling of collective quadrupole and octupole core vibrations. The collective quadrupole and octupole excitations of electric character are usually among the lowest-lying excitations in nuclei in the vicinity of shell closures. They are interpreted as surface oscillations and theoretically treated as phonons with the possibility to couple to multi-phonon states, like for example double-quadrupole or double-octupole states [37] [38] [39] [40] . The mixed harmonic coupling of quadrupole and octupole collective phonons (2
− states which are located at an excitation energy equal to the sum of the excitation energies of the corresponding 2 + 1 and 3 − 1 one-phonon states. Anharmonicities in the phonon-phonon interaction can affect the excitation energies and break the degeneracy of the multiplet states. Nevertheless, due to the different nature of the two phonons Pauli blocking is small compared to e.g. (2
states. Detailed theoretical descriptions of two-phonon states related to members of quadrupole-quadrupole and quadrupole-octupole multiplets [32, 37, 41] are obtained in the framework of the quasiparticle-phonon model (QPM) [32, 41, 42] . Another model which has been intensively applied in studies of multi-phonon states [43, 44] is the interacting boson model (IBM) [45] . Recently, the spdf IBM has been applied in systematical studies of lowlying J =1 states in the Nd isotopes and other rare-earth nuclei [31] .
The first step in identifying two-phonon 1 − states is to determine spin, parity, and B(E1, 1 − → 0 + 1 ) strength for possible candidates. A widely used experimental tool for the investigation of J = 1 states is nuclear resonance fluorescence (NRF) [46] . In the last years, the B(E1) strength distributions of many nuclei were measured using this method. The evaluated data serve as a systematic basis for the discussion of two-phonon E1 excitations like, e.g., in the Sn isotopes [7, 47] , for N = 82 isotones [48] and in the compilation of Andrejtscheff et al. [49] for A = 48 − 148 nuclei. An alternative way to determine B(E1) strengths in particular for states of rare isotopes, for which NRF measurements are difficult, are lifetime measurements using the Doppler-shift attenuation method (DSAM) in particle-γ coincidence measurements [50] . Since several years, the DSAM technique is applied in inelastic neutron-scattering at the University of Kentucky [51, 52] . Furthermore, direct access to the ground-state decay width Γ 0 can be obtained using the self-absorption method [53] or inelastic proton-scattering experiments [54] for some cases.
Once a candidate is found, it is desirable to study also its decay behavior to test the two-phonon structure more thoroughly since this information is one of the key signatures in addition to the excitation energy and correlations of transition strengths [55, 56] . In the case of harmonic phonon coupling, the lowest-lying 1 − state is a two-phonon excitation and the corresponding B(E3) strengths for the 1 
II. EXPERIMENTS
Real-photon scattering ( γ, γ) experiments were performed to study the γ-decay behavior of possible twophonon J π = 1 − states in 40 Ca and 140 Ce. The states of interest were populated by the quasi-monochromatic, linearly polarized, and intense beam of real photons provided at the High Intensity γ-ray Source (HIγS) facility [60, 61] at the Triangle Universities Nuclear Laboratory (TUNL) in Durham, NC, USA. The excitation is selective to low spins (mainly J = 1) and excitation-energy regions (due to the narrow bandwidth of the beam) and, therefore, well-suited for the study of specific J π = 1 − states. The intense γ-ray source in the entrance channel is combined with the newly installed high-efficiency γ-γ coincidence setup γ 3 [62] for the detection of de-exciting γ-rays in the outgoing channel. For the present experiments the setup was used in a configuration with four 3 × 3 LaBr 3 :Ce scintillation detectors at θ = 90
• and four 60% high-purity Germanium (HPGe) semi-conductor detectors at θ = 135
• with respect to the beam axis. The LaBr 3 detectors were placed symmetrically at azimuthal angles of φ = 45
• , 135
• , 225
• , and 315
• relative to the horizontal polarization axis, whereas two HPGe detectors were placed parallel (φ = 0
• , 180 • ) and two perpendicular (φ = 90
• , 270 • ) to the polarization axis. Using this detector configuration and distances of 5 to 10 cm between detector end-cap and target for the LaBr 3 and HPGe detectors, respectively, results in a total photopeak efficiency of about 6% at 1.3 MeV. Data was acquired in parallel by two data acquisition (DAQ) systems. One is the analog so-called Genie DAQ which was used to store singles spectra of the HPGe detectors. The second DAQ system is the digital MBS DAQ which acquires event-by-event list-mode data for HPGe and LaBr 3 de-tectors. Customized trigger conditions allow to generate, e.g., singles and coincidence triggers and are adjusted individually. More details on the γ 3 setup can be found in Ref. [62] .
Photon energy settings of 3.6 MeV and 5.9 MeV were used in the experiments on 140 Ce and 40 Ca, respectively, to cover the excitation energies of the corresponding twophonon candidates. The beam-energy profile of the incoming photon beam is monitored by an additional 123% HPGe detector which can be moved into the beam. In the present experiments the bandwidth of the photon beam amounted to 4%. The 140 Ce target was composed of 2 g highly enriched (99.72%) plus 7.5 g natural ceriumoxide powder, whereas for the 40 Ca experiment an 11.2 g natural calcium-carbonate target was used. Both measurements were carried out for about 23 h, each.
III. DATA ANALYSIS
In general, a number of quantities are directly accessible in nuclear resonance fluorescence (NRF) experiments such as spin, parity, excitation energy, and transition strengths. For a transition of electromagnetic character σ and multipolarity L without multipole mixing, the reduced transition strength, B(σL), and the partial decay width to a specific final state, Γ f , are related via:
where E γ is the transition energy and g = 2J f +1 2Ji+1 is the spin factor. In the present cases, the cross section, I r,f , for the resonant excitation of the 1 − states decaying back to the ground state has been measured in previous NRF experiments [4, 8, 63] via
In the present analysis, the ratio of partial and total decay widths can be deduced from the peak area in the singles γ-ray spectra:
where N t is the number of target nuclei, N γ is the photon flux at the resonance energy, ∆ live,i is the relative livetime of detector i, i (E − E f ) is the absolute photopeak efficiency of detector i at the transition energy, and W i,f is the angular distribution of the scattered photons at the position of detector i.
Using Eq. (3), the branching ratio relative to the ground state, Γ f /Γ 0 , can be derived from
after summing over all detectors i. For the coincidence data, two γ-rays from the de-exciting γ cascade are detected. This leads to an additional experimental access to the relative branching ratio:
where A coinc f is the peak area in the energy-gated coincidence spectrum summed for all detector combinations, ∆ live,ij is the relative live-time of detector i and j, W ij,f is the angular distribution of the scattered photons at the position of detector i and j, and γ 2 denotes the second γ-ray that is detected in addition to the 1
The focus in the present work lies on the determination of relative branching ratios Γ f /Γ 0 which gives access to Γ f for known Γ 0 and can be transfered into reduced transition strengths using Eq. (1). In principle, both, singles and coincidence data, can be used for the determination of Γ f /Γ 0 as shown above. With the coincidence data the selectivity is improved, however, the intensity in the γ-ray spectra is reduced. Two-dimensional γ-γ coincidence matrices filled with the γ-ray energies measured by HPGe and LaBr 3 detectors are used to generate projected γ-ray spectra as shown in Fig. 1 for the measurement on 140 Ce. The upper panel shows the full projections of the HPGe-LaBr 3 coincidence data. A large background in particular at lower energies is visible in the full projections which mainly stems from non-resonant scattering processes in the target itself. The lower panel of Fig. 1 shows the projected γ-ray spectra after applying an energy gate (E γ ≈ 1596 keV) on the secondary 2 and 1
are clearly visible in the gated γ-ray spectra obtained with the HPGe and LaBr 3 detectors. Their peak areas can be used to determine branching ratios for the different decay channels relative to the ground-state decay. The singles γ-ray spectra of HPGe and LaBr 3 detectors are shown in Fig. 2 .
In addition, the setup allows for parity measurements via the polarization information carried by the angular distribution, W (θ, φ), of the de-exciting γ rays. The analyzing power for a fixed scattering angle θ is defined as
The position of the HPGe detectors differed from the usual parity measurements where the analyzing power is maximized [64] . The detectors at θ = 135
• give analyzing powers of Σ = ±1/3 for J = 1 ± states and Σ = ∓1 for J = 2 ± states. The experimentally accessible observable is the asymmetry 
Singles γ-ray spectra of (a) HPGe detectors and (b) LaBr3 detectors. The data was taken in the measurement on 140 Ce with a γ-beam energy of 3.6 MeV.
where I and I ⊥ are the efficiency-corrected photon intensities in the horizontal ( ) and vertical (⊥) detectors with respect to the horizontal polarization axis. The experimental sensitivity q ≈ 0.9 accounts for the finite opening angle of the detectors.
IV. RESULTS FOR
140 CE
The two-phonon candidate in 140 Ce, which is investigated in the present work, is the 1 states are clearly visible in the projected γ-ray spectrum of the HPGe detectors with a gate on the ground-state transition of the first 2 + 1 state (see Fig. 1 ). The transition strengths can be deduced using these primary γ-ray transition from the excited 1 − 1 state into the corresponding excited state (seen in the coincidence γ-ray spectra shown in Fig. 1 ) and ground state (seen in the singles γ-ray spectra shown in Fig. 2) as well as the known B(E1, 1 
transitions cannot be explained in the simple harmonic picture but needs further explanation which will be discussed in the following paragraphs.
Already some years ago, the QPM was applied to study two-phonon structures including the quadrupoleoctupole coupled 1 − state in stable N = 82 nuclei [41] . 142 Nd, and 144 Sm in the framework of a more advanced microscopic nuclear structure approach based on the self-consistent energy-density functional (EDF) theory and QPM including up to three-phonon configurations [18, 19] . The theoretical method has been widely tested in systematic studies of electric and magnetic excitations from different energy and mass regions [4, 8, 10, 12, 16, 17, 65] and also in predictions of new modes of nuclear excitations related to the pygmy quadrupole resonance (PQR) [66] [67] [68] . A further advantage of the three-phonon EDF+QPM calculations is that we consider explicitly all one-phonon configurations up to the neutron threshold including explicitly the PDR. Additional dynamical dipole core polarization contributions are accounted for by the isovector interaction strength which is fitted to reproduce the properties of the GDR. Differently from Ref. [41] no additional effective charges are needed.
In Table I , the experimental and theoretical QPM results for excitation energies, wave function structures and transition strengths are summarized. The QPM wave functions of the 2 Fig. 3 in terms of the transition strengths, indicated by the arrow thicknesses. The general agreement between experiment and QPM calculations is reasonably good. Now we would like to discuss the results within the systematics of the two-phonon E1 excitation mode in the Fig. 4(b) . The predicted minimum of the 1
144 Sm is not seen in the data, but still the trend is consistent within the experimental uncertainties. The theoretical value of this transition strength is strongly correlated with the contribution of the two-phonon matrix element. The latter depends strongly on the amplitude of the two-phonon (2
component which is one of the smallest in 144 Sm (see also Table I ) and also on the collectivity of the involved two-phonon states. Furthermore, as discussed above, the presence of PDR and IVGDR counterparts to the wave function of the 1 The agreement between QPM and experimental data is excellent for, both, the 2 144 Sm were measured in proton-scattering experiments [57, 58] . The presently determined upper limit for the B(E2, 1
140 Ce is consistent with the QPM and would also fit into the N = 82 systematics. More experimental effort is needed to measure this transition strength or further reduce its upper limit.
From the newly observed decays of the 1 The calcium chain has five stable even-even isotopes in the light-to-medium mass region covering a wide N/Z range. Low-lying E1 excitations have been studied systematically in 40 Ca, 44 Ca, and 48 Ca by means of NRF experiments [14, 63, [75] [76] [77] . The doubly-magic N = Z nucleus 40 Ca exhibits almost no low-lying E1 strength, whereas 44 Ca and 48 Ca exhaust more and a similar amount of the Thomas-Reiche-Kuhn energy-weighted sum rule [76, 77] .
The B(E1) strength of 40 Ca below the particle threshold is mainly carried by one excitation at 6.9 MeV which was also strongly excited in an (α, α γ) experiment [78] . It is interpreted as a pure isoscalar oscillation which is predicted in all Ca isotopes [79] and was experimentally identified in 40 Ca and 48 Ca [14] . The quadrupoleoctupole two-phonon candidate which is investigated in the present work, is the 1 (2) mW.u. [63] . In total four ground-state transitions of excited states in 40 Ca and 44 Ca lie within the beam profile as shown in Fig. 5 . Spin and parity of the two excited states in 40 Ca are known from previous studies [63] and are confirmed in the present experiment. For the two J = 1 states in 44 Ca the parity was unknown. Therefore, the data taken in the present experiment was also used to perform a parity assignment as explained in Sec. III. The results are given in Table II . On the basis of the measured experimental asymmetries, negative parity can be assigned to both states.
Concerning the decay behavior of the 1 − 1 state in 40 Ca, the coincidence data suffered from low statistics. Therefore, the γ-ray singles spectra were taken into account in the further analysis. Compared to the much heavier 140 Ce the non-resonant background at low energies is strongly reduced in 40 Ca. The decay into the first 3 − 1 state at 3.7 MeV is observed in the singles γ-ray spectrum in terms of the primary 1 Ce by means of ( γ, γ ) experiments at the HIγS facility. The experiments were performed using the γ-γ coincidence setup γ 3 . For both nuclei new decay paths were found in addition to the known strong ground-state decay. − candidates in other Ca isotopes could help to establish this collective excitation mode in the light-tomedium mass region.
